ABSTRACT Selection for rapid growth in chickens has always been accompanied by increased fat deposition and excessive fat deposition, especially abdominal fat, cannot only decrease feed efficiency but also cause many diseases. Finding the candidate genes associated with abdominal fat deposition is essential for breeding. To identify these candidate genes, we applied linkage disequilibrium and selection signature analysis using chicken 60 k single nucleotide polymorphism (SNP) chips in two broiler lines divergently selected for abdominal fat content for 11 generations. After quality control, 46,033 SNPs were left for analysis. Using these SNPs, we found that r 2 was 0.06 to 0.14 in the lean line and 0.07 to 0.13 in the fat line for all 28 chromosomes (except GGA16). Pairwise SNP distances <25 kb showed a mean r 2 = 0.33 in the lean line and r 2 = 0.32 in the fat line. The fixation index (F ST ) analysis was carried out and 46 SNPs with the top 0.1% of the F ST value was detected as the loci with selection signatures. Besides F ST , hapFLK was also used to detect selection signatures for abdominal fat content. A total of 11 genes, including transient receptor potential cation channel subfamily C member 4, estrogen related receptor gamma, fibroblast growth factor 13, G-protein-signaling modulator 2, RAR related orphan receptor A, phospholipase A2 group X, mitochondrial ribosomal protein L28, metadherin, calcitonin receptor like receptor, serine/threonine kinase 39, and nuclear factor I A, were detected as the important candidate genes for abdominal fat deposition based on their basic functions. The results of the present study may benefit the understanding of genetic mechanism of abdominal fat deposition in chicken.
INTRODUCTION
The chicken (Gallus gallus) is an important model organism that bridges the evolutionary gap between mammals and other vertebrates (International Chicken Genome Sequencing Consortium, 2004) . Selection for rapid growth in chickens has always been accompanied by an increased fat deposition (Havenstein et al., 1994; Nones et al., 2006) . Excessive fat deposition can decrease feed efficiency and cause consumer rejection of the meat (Kessler et al., 2000) , and increase difficulties in meat processing (Chambers, 1990) . Knowledge of the genetic factors associated with fatness will facilitate genetic selection using genetic markers. Linkage disequilibrium (LD) is the nonrandom association of alleles at two or more loci (Qanbari et al., 2010) . Generally speaking, selection could affect the extent of dis-equilibrium (Ardlie et al., 2002) . The allele frequency that related with a favored variant had important effects on the traits of interest can rapidly increase or even fix after several generations of selection (Parsch et al., 2001; Verrelli and Eanes, 2001; Wang et al., 2002) . There are several methods to detect this kind of selection signatures in domestic animals, including fixation index (F ST ), which was originally proposed by Wright (1922) . F ST approach was most frequently used in comparing between two or more breeds to detect selection signatures (Flori et al., 2009; Kijas et al., 2009; MacEachern et al., 2009; Pintus et al., 2014) . F ST core could also be used as an external source of information in genomics selection analysis (Chang et al., 2018) . In the present study, the Northeast Agricultural University broiler lines divergently selected for abdominal fat content (NEAUHLF) for 11 yr was used. Therefore, we proposed that the structure of the genome may affected by the selection for abdominal fat content and the regions containing single nucleotide polymorphism (SNPs) with a high F ST value may harbor genes that important for abdominal fat deposition. The aims of 581 the present study were to construct a high-resolution LD map of broilers and to detect the important genes for abdominal fat deposition in chicken based on the LD and F ST results.
MATERIALS AND METHODS

Ethics Statement
All animal work was conducted according to the guidelines for the Care and Use of Experimental Animals established by the Ministry of Science and Technology of the People's Republic of China (approval number: 2006-398) , and approved by the Laboratory Animal Management Committee of Northeast Agricultural University.
Animals
In total, 475 birds (203 from the lean line and 272 from the fat line) from the eleventh-generation population of NEAUHLF were used. Detailed information about NEAUHLF has been previously published (Zhang et al., 2012) . After 11 generations of divergent selection for abdominal fatness, the abdominal fat percentage of the fat broiler line at 7 wk was 3.59 times higher than the lean line. All birds were kept in similar environmental conditions and had free access to feed and water.
Genotyping and Quality Control
Genomic DNA samples were extracted from blood using a standard phenol/chloroform method, and DNA sample quality was determined using spectrophotometry and agarose gel electrophoresis. Illumina chicken 60 k SNP chip containing 57,636 SNPs was used. Genotyping data were generated using BeadStudio (Version 3.2.2). We used only SNPs with assigned positions on autosomes (galGal 5). The SNPs were filtered with the call rate <95%, and individuals with pedigree error or 5% or more missing SNP genotypes were removed.
LD Estimation
Pairwise r 2 estimation was used to measure LD between pairs of SNPs using Haploview v4.1 (Barrett et al., 2005) for SNPs on autosomal chromosomes 1-28 that had passed the quality controls described above. The r 2 , defined as squared correlation coefficient of alleles at two loci, was measured (Lu et al., 2012) . To visualize LD patterns in the two lines, r 2 values were placed in ascending order based on physical distances between corresponding SNP pairs. A rolling average of LD was calculated as the arithmetic mean of all r 2 values for SNP pairs in 25-kb intervals and plotted against physical distance between SNPs. The average r 2 of the lean and fat lines was compared using t-test, and P < 0.05 means significant different.
Genome Scans for Selection Signatures Using FST and hapFLK
In the present study, the Genepop v4.2 was used to calculate F ST using the 46,033 SNPs in the lean and fat lines. The top 0.1% and 1% of the SNPs according to the F ST value were selected as harbor selection signatures at two threshold levels.
The hapFLK software, which could potentially account for population structure and reduce the number of false positives, was also used to detect selection signatures for abdominal fat deposition (Fariello et al., 2013; Gholami et al., 2015) . The number K of haplotype clusters was set to 10 according to cross-validation procedure implemented in the fastPHASE software. Significant level was adjusted by false discovery rate (FDR), which was calculated using the formula FDR = m * P(i)i, where m was the total number of tests and p(i) was the P-value at rank i when the P-values were ranked from least to highest (Benjamini and Hochberg 1995; Weller et al., 1998) .
Annotated genes related to the SNPs identified with selection signatures were obtained from the UCSC Genome Browser Gateway (http://genome.ucsc.edu/) using the chicken genome galGal 5. Functional annotation of genes was performed using DAVID bioinformatics resources 6.8 (http://david.abcc.ncifcrf.gov/summary.jsp) for Gene Ontology terms and Kyoto Encyclopedia of Genes and Genomes pathway analysis. Statistical significance was determined using a P-value < 0.05.
RESULTS
Marker Statistics
The number of SNPs that remained after quality control that were used in subsequent analyses was 46,033 for the lean and fat lines (Table 1) . These SNPs were distributed on 28 autosomes and covered about 950 Mb with an average SNP interval of 23 kb.
Distributions of minor allel frequency (MAF) for SNPs for the lean and fat lines are shown in Figure 1 . More than 60% of SNPs for both lines had a MAF > 0.2. The lean and fat lines had similar patterns of MAF distributions.
Linkage Disequilibrium
The extent of LD in the lean and fat lines was examined using Haploview software. LD was calculated as r 2 for the two lines. In the lean line, r 2 ranged from 0.06 to 0.14 for every chromosome except GGA16 (r 2 = 0.67), which contained few SNPs. In the fat line, r 2 ranged from 0.07 to 0.13 for every chromosome except GGA16 (r 2 = 0.19), which also contained few SNPs (Table 2) . LD patterns were similar for the lean and fat lines. In both lines, LD declined as the distance between markers increased (Figure 2) . The relationship between LD and physical distance of SNPs in the lines is in Table 3 . In the lean line, mean r 2 = 0.33 was observed for pairwise distances <25 kb, dropping to r 2 = 0.25 for 75 to 100 kb. In the fat line, overall mean r 2 = 0.32 was observed for SNPs <25 kb apart, dropping to 0.23 at 75 to 100 kb (Table 3) . Overall, the fat line had significant lower LD than the lean line ( Table 3 ), indicating that selection led to different changes in genetic structure in the lean and fat lines.
Genome Scans for Selection Signatures Using FST and hapFLK
F ST was estimated between the two lines using the common 46,033 SNPs after quality control (Figures 3  and 4) . Overall, the average F ST was 0.12, suggesting substantial genetic differentiation between the lean and fat lines. There were 460 SNPs with top 1% F ST scores detected (Table S1 , Supplementary Information). The 46 SNPs with the top 0.1% F ST value were identified as the selection signatures (Table 4 ). The nearest genes of these 46 SNPs were detected and a total of 37 genes were identified (Table 4) . Three Gene Ontology terms, including heterophilic cell-cell adhesion via plasma membrane cell adhesion molecules, intercalated disc, and calcium ion binding, reached the significant level (P < 0.05). The Kyoto Encyclopedia of Genes and Genomes pathway, regulation of actin cytoskeleton, reached the significant level (P < 0.05). Seven genes, including transient receptor potential cation channel subfamily C member 4 (TRPC4), estrogen related receptor gamma (ESRRG), fibroblast growth factor 13 (FGF13), G-protein-signaling modulator 2 (GPSM2), RAR related orphan receptor A (RORA), phospholipase A2 group X (PLA2G10), and mitochondrial ribosomal protein L28 (MRPL28), were detected as the important candidate genes for abdominal fat deposition in chicken based on their basic functions.
The hapFLK was also used to detect selection signatures and a total of 23 SNPs reached the FDR < 0.05 level ( Figure 5) ; however, these SNPs were not identified by F ST analysis. The nearest genes of these 23 SNPs were detected and a total of 20 genes were identified (Table 5 ). The basic functions of these genes indicated that metadherin (MTDH), calcitonin receptor like receptor (CALCRL), serine/threonine kinase 39 (STK39), and nuclear factor I A (NFIA) may be important for abdominal fat deposition in chicken.
DISCUSSION
We constructed a genome-wide LD map of lean and fat broiler lines divergently selected for abdominal fat content. The genotyping data were from chicken 60k SNP chips covering 28 autosomal chromosomes. LD was calculated using 28 of 38 chicken autosomal chromosomes represented on chips. The 10 autosomes not used for analysis were microchromosomes not included in the design of the 60k SNP chip, as they are not yet covered by the genome build Gallus gallus v2.1 (Groenen et al., 2011) . SNPs on linkage groups, sex chromosomes, and unknown marker positions were excluded from analysis. SNPs with MAF < 0.05 were also excluded from LD analysis in accordance with other studies (Qanbari et al., 2010; Fu et al., 2015) . The high density of markers and the large number of animals in this study gave a better estimate of genome-wide LD.
We determined that different chromosomes had different LD, ranging from 0.06 to 0.14 in the lean line and from 0.07 to 0.13 in the fat line (except GGA16). The chromosomal difference in LD supports observations from other studies (Axelsson et al., 2005; Andreescu et al., 2007; Qanbari et al., 2010; Fu et al., 2015; Khanyile et al., 2015) . The difference in LD for different chromosomes may be because of evolutionary, natural, and artificial selection (Axelsson et al., 2005; Megens et al., 2009) . Our results showed a significant LD decay with increased marker interval: r 2 = 0.33 in the lean line and r 2 = 0.32 in the fat line in pairwise distances < 25 kb dropped to r 2 = 0.25 for the lean line and r 2 = 0.23 for the fat line at 75 to 100 kb; this is generally a function of increased recombination events with increased genetic distance (Megens et al., 2009) . In the present study, LD was moderately high and remained well above 0.2 at marker distances of up to 200 kb when using genomewide SNP data. This result indicated that LD of the broilers we used remained high over long distances. In contrast, LD decayed to relatively lower values of about 0.07 at marker distances of up to 5 Mb. The relatively high average LD that started at very short marker distances of 25 kb and persisted over long distances could reflect artificial selection for abdominal fat content for more than 10 yrs. The decay of LD in a genome determines the resolution of quantitative trait locus (QTL) detection in QTL mapping studies, in particular fine-mapping studies. LD for chromosomes that extends over large genomic regions leads to a higher chance of finding associations between genes affecting a particular phenotype and a marker at a given distance. Our study showed an average r 2 > 0.3 for distances of <25 kb in both the lean and fat lines and a SNP density of one SNP per 23 kb. This result implied that the 60 k SNP chip used had a density that may be adequate for GWAS to identify genes important for traits of interest. However, for populations for which no selection is implemented, LD analysis should be carried out to determine if marker density is sufficient for GWAS. We found an average r 2 > 0.3 for distances < 25 kb in both the lean and fat lines. This result indicated that detected LD extent in the fat and lean lines was longer than other studies in both layer and broiler chickens. For example, using the same chicken 60 k SNP chip, Fu et al. found an average LD (measured by r 2 ) between SNPs markers of 0.24 in crossbred populations (2015) . The higher LD in the present study indicated that selecting for abdominal fat content for more than 10 yr could affect the genome structure of chickens. This result indicated that the LD regions could harbor important genes or other elements for abdominal fat-related traits.
The selection for abdominal fat content of the population used in the present study may affect the LD structure and we supposed that the chromosome regions that harbor important genes for abdominal fat deposition may showed significant difference in allele or haplotype frequencies. Therefore, in the present study, F ST and hapFLK were used to detect the important genes for abdominal fat content, and the results showed that a total of 11 genes, including TRPC4, ESRRG, FGF13, GPSM2, RORA, PLA2G10, MRPL28, MTDH, CALCRL, STK39 , and NFIA, would be the candidate genes for abdominal fat deposition based on their basic functions. The TRPC4 gene encodes a member of the canonical subfamily of transient receptor potential cation channels. TRPC4 was differentially expressed in preadipocytes and adipocytes suggesting its significance in adipogenesis (Bishnoi et al., 2013) . It was also differentially expressed in white and brown adipose tissues (Bishnoi et al., 2013) . ESRRG belongs to an orphan nuclear receptor subfamily, which expressed mainly in brain, heart, kidney, skeletal muscle, and brown adipose tissue (Mangelsdorf et al., 1995; Heard et al., 2000) . The previous results indicated that ES-RRG could enhance the expression of uncoupling protein 1, and improve fatty acid oxidation in differentiating white pre-adipocytes and/or brown adipose tissue (Dixen et al., 2013) . FGF13 belongs to the fibroblast growth factor (FGF) family, which was a candidate obesity gene (Morton et al., 2011) . The result of a genome wide association study identified that there was a locus, including three SNPs (rs193139, rs7523050, and rs1761621), near GPSM2 and syntaxin-binding protein 3 were significantly associated with the lower body subcutaneous adipose tissue depots (Irvin et al., 2011) , which mean that GPSM2 may have an important effect on lipid metabolism. RORA can inhibit the differentiation of adipocyte (Duez et al., 2009) and also can regulate the expression level of gene that controls lipid metabolism in diet-induced obesity mice (Lau et al., 2008) . PLA2G10 significantly differently expressed between visceral adipose tissue and subcutaneous adipose tissue in human (Liesenfeld et al., 2015) . In mice, there were 12 sex-dependent and also diet-dependent QTLs for dietary obesity on chromosome 7 and MRPL28 was located in these QTL regions (Lin et al., 2013) , which mean that MRPL28 may be an obesity-related gene in mice. MTDH, also known as astrocyte elevated gene-1 (AEG-1), and AEG-1 knock-out (AEG-1KO) mouse were significantly leaner with prominently less body fat compared with wild type (Robertson et al., 2015) . The wild-type mice could rapidly gain weight when fed a high fat and cholesterol diet; however, AEG-1KO mice did not gain any weight, because the mice could decrease intestines fat absorption (Robertson et al., 2015) . CALCRL was identified as a candidate gene in the etiology of obesity by using genome-wide expression analysis in obese prepubertal children visceral adipose tissue (Aguilera et al., 2015) . STK39 was suggested as one candidate gene for hypertension and obesity (Kim et al., 2012; Torre-Villalvazo et al., 2018) . NFIA was identified as a transcriptional regulator of brown fat and exerted its effects by co-localizing with peroxisome proliferator-activated receptor gamma at celltype-specific enhancers (Hiraike et al., 2017) .
In our previous study, long-range allele frequency differences between the lean and fat lines were mainly used to detected selection signatures (Zhang et al., 2012) . The long-range AFD and heterozygosity were measured using 0.5 Mb sliding windows of SNPs as the genome length, which was rough and only 10 genomics regions were detected as harboring important genes for abdominal fat content on the genome-wide level (Zhang et al., 2012) . In the present study, we carried out all analysis based on every single SNP, which may obtain much more precise results and we aim to capture some other genes important for abdominal fat deposition compared with our previous study. F ST statistic was most widely used approach to detect loci with outstanding genetic differentiation between different populations (Barreiro et al. 2008; Myles et al. 2008) . And hapFLK statistic was a haplotype-based extension of the FLK statistic that accounts for both hierarchical structure and haplotype information (Fariello et al., 2013) . The present study used both F ST and hapFLK to detect selection signature and some genes were identified as important candidate genes for abdominal fat deposition in chicken. However, there was no overlap between the results of F ST and hapFLK, which indicated that using different methods, single marker test for F ST and haplotype based for hapFLK, may capture different aparts of the whole selection signature map. Therefore, different methods were needed to get the details of selection signatures map for chicken abdominal fat content.
In summary, this was a comprehensive study of LD based on high-density SNP panels and two broilers lines divergently selected for abdominal fat content. An average r 2 > 0.3 for a distance of <25 kb was detected for both the lean and fat lines. The average marker density of the chicken 60k SNP chip was about 23 kb/SNP. Therefore, using a high-density SNP chip for association mapping or implementing genomic selection in lean and fat lines could achieve comparable resolution and accuracy. 11 genes, including TRPC4, ESRRG, FGF13, GPSM2, RORA, PLA2G10, MRPL28, MTDH, STK39 , and NFIA, were detected as important genes for abdominal fat deposition.
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